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ABSTRACT 


An  empirical  set  of  iecign  criteria  for  a  scuba  carbon 
dioxide  removal  c.uiir.ter  were  derived  from  data  obtained 
by  a  review  of  the  nevtinerit  literature.  Such  a  device, 
presuming  satisf actoi'y  performance  fer  18  0  min.  at  30  ft 
and  30  min.  at  180  ft  must  be  capable  of  absorbing  a 
minimum  of  600  gm  -jf  CO  .  It  must  also  remove  7  5-80%  of 
the  COo  from  a  mixture  containing  0. 5-2.0%  CO2  passing 
through  it  at  a  velocity  of  55-90  L/min.  It  must  remove 
70-75%  of  the  CO'i  from  a  mixture  containing  1.0-2.  5%  CO^ 
passing  through  it  at  a  velocity  of  125-200  L/min.  The^ 
breathing  resistance  must  not  exceed  1.5  cm  H20/L/sec. 

The  inter-granular  space,  must  be  at  least  3.5  L. 


SUMMARY 


PROBLEM 

Vvhat  are  the  design  criteria  for  a  carbon  dioxide  removal 
cani.ster  for  use  in  ci osed  or  semi-closed  circuit  scuba  which 
will  have  a  duration  of  130  min.  at  30  ft  and  30  min.  at 
180  ft? 


FINDINGS 


The  total  caroon  dioxide  absorption  capacity  must  be 
between  600-8C0  gm.  The  COj  content  of  the  gas  leaving  the 
canister  under  usual  conditions  (i.e.  CO2  production  rate 
2.5  gm/min. ,  mean  air  flov;  55  L/min.,  peak  air  flow 
90  L/min.)  must  not  exceed  0.5%  effective.  Under  severe 
conditions,  (i.e.  production  rate  6  gm/min.)  the  CO2  content 
of  the  effluent  gas  must  X'.ot  exceed  1.5%  effective.  The 
breathing  resistance  must  not  exceed  1.5  cm  H20/L/sec. 

(0.3  in  H2O/CFM) .  The  inter-granular  space  must  be  between 
3. 5-4.5  liters.  in  addition,  certain  mechanical  features 
affecting  safety  and  convenience  under  field  conditions 
must  be  included  (see  A.''t.  4.2.6).  In  section  4.3  of  the 
report  a  set  of  tests  and  specifications  are  outlined  by  which 
any  canister  can  be  tested  to  determine  whether  or  not  it 
meets  the  above  criteria. 


BEST  AVAILABLE  COPY 


RECOMMENDATIONS 

(a)  That  the  criteria,  tests  and  specifications  Lc 
adopted  as  tentative  standards  for  CO2  absori  .int  canist^r.^ 
for  use  in  closed  or  semi-closed  circuit  scuta. 

(b)  When  a  canister  is  available  which  r.aets  he  tear 
and  specifications,  that  subjective  tests  be  conducted  to 
determine  wheth  r  or  not  it  is  completely  satisfactory. 

(cj  That  research  be  undertaken  to  determine  wheti'.er' 
or  not  the  increased  partial  pressure  at  depth  facilitates 
the  reaction  between  COo  and  the  absorbent. 
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covering  a  design  study  of  a  carbon  dioxide orbent  canister 
for  use  in  self-contained  underwater  breathing  apparatus  and 
requested  that  specific  criteria  for  such  a  study  be 
established . 
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1.  INTRODUCTION 


1.1  Object 

Tlie  objective  of  this  project  was  to  establish  respiratory 
ar-i'’  physical  criteria  for  the  initiation  of  a  design  study 
to  produce  a  standai'd-'carbon  dioxide  canister  for  scuba  in 
the  naval  service. 

1 . 2  Description 

It  was  learned  by  conference  with  Bureau  of  Ships 
repi’esentat ives  that  this  canister  was  ntended  principally 
for  use  with  mixed-gas  scuba.  canister  desired  was  to 

have  a  duration  of  180  minutes  at  30  feet  and  a  duration  of 
30  minutes  at  180  feet.  Since  carbon  dioxide  production 
varies  considerably  w  th  swimming  speed,  the  Bureau  repre-- 
sent  tives  recommended  assuming  a  swimming  speed  which  a  man 
could  maintain  for  180  minutes. 

1 . 3  Scope 


A  p  eliminary  analysis  of  tb.e  problem  revealed  the  amount 
and  kind  of  information  i-equired  to  achieve  the  objectives 
of  this  study.  It  also  soon  became  apparent  that  any  study 
of  this  kind  would  have  certain  1  iiriitations  due  to  gaps  in 
our  ktiOWledge  coriccrmng  some  of  the  basic  resp 
cesses  in  underwater  swimming. 


1.3.1  Information  to  be  furnished  is: 


(a)  Total  load  of  carbon  dioxide  which  can  be  anticipated 
during  180  min.  of  undervMter  swimming. 

(b)  Average  and  peak  rates  of  carb'.  a  dioxide  output. 

(c)  Percentage  of  carbon  dioxide  in  the  gas  entering 
tlie  canister. 

(d)  Maximum  allowable  percentage  of  carbon  dioxide 
in  the  gas  leaving  tne  canister. 

(e)  Rate  of  gas  flow  through  the  canister. 

(f)  Amount  of  breathing  esistance  which  can  be  accepted. 

(g)  Desirable  volume  of  inter  and  intra-granular  space. 

(h)  Mechanical  features  wh.ich  render  canistei's  i:, arc- 
convenient  and  useful. 
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-.J.2  The  iTia;  ;i /!  ...i  which  the  cai'bon  dioxide  removal 
canister  i.-;  M.i.'?.?  in  the  scuba  circuit  has  considerable 
hearing  or  ,.;r.  =  -.t  the  design  criteria.  Basically,  there 
aie  two  meci.o;:.  ot  placing  a  canister  in  a  breathing  circuit. 
First,  one  in  .shicn  the  respiratory  mixture  passes  through 
tlia  canister  twice  curing  each  respiratory  cycJ.e.  This  is 
commonly  known  a?  the  "to  and  fro"  or  "pendulum"  canister. 
Second,  one  in  which  the  respiratory  mixturespasses  through 
the  canister  only  once  during  each  respiratory  cycle.  This 
second  method  is  coinmonly  known  s  the  "circle"  type  of 
canister.  Furtb.or,  it  is  conceivably  possible  to  place  the 
canister  at  one  of  three  positions  in  relation  to  the  swimmer 
and  the  breathing  bag:  (a)  Between  the  exhalation  valve  and 
the  breathing  hag,  (o)  in  the  middle  of  the  breathing  bag, 
ana  (c)  between  cne  breathing  bag  and  the  inhalation  valve. 
For  purposes  of  tnis  discussion,  these  will  be  called  "near- 
circle",  "split-hag"  and  "far-circle" .  The  far-circle 
placement  is  not  cc.iumonly  used  and  will  be  not  discussed 
further.  (See  ligui’c  1.)  Since  the  near-circle  type  of 
circuit  is  the  most  common  one,  the  criteria  were  developed 
for  that  type  j1  cewiistcr.  Later  in  the  report,  the  effect 
of  placing  the  Oani ster  in  either  of  the  other  two  positions 
will  be  discussed. 


1.3.3  The  knc.Wj.edge  required  to  accurately  specify  canister 
design  criteria  is  not  readily  available.  Indeed,  some  of 
the  most  critical  data  is  sadly  lacking.  In  view  of  this 
situation,  there  was  r.o  alternative  but  to  extrapolate  the 
information  on  the  h-tcis  of  the  best  data  available.  The 
author  wishes  to  .-u/.e  clear  at  the  outset  that  the  criteria 
specified  in  ih'iis  report  represent  no  mcJte  than  the  best 
estimates  l.ase..,  c:i  d.ata  available  in  the  literature  which 

in  his  opinicu  wa ..  \he  most  reliable  and  applicable  to  the 
problem.  never  pcnssible,  values  wiTl  be  specified  in 

tnree  alternative  figures,  "desirable",  "acceptable"  and 
"maximum"  or  "minimum"  allowable.  Every  effort  has  been  made 
to  prescribe  criteria  which  will  produce  maximum  safety. 

In  general,  tne  "  ::e3ir.able"  criteria  will  unquestionably 
meet  the  dem5inds  in  section  1.2  with  maximum  safety.  The 
"acceptable"  criteria  are  believed  to  be  reasonably  safe 
but  the  caniste.:'  may  or  may  not  entirely  meet  the  duration 
and  depth  requirements.  The  "maximum  allowable"  values  are 
borderline.  To  ce-sirn  solely  on  this  basis  is  to  gamble  on 
a  satisfactor-v  canister. 

1.3.4  For  the  sarce  of  completeness,  a  chart  indicating  common 
defects  ana  primary  causes  of  failure  in  carbon  dioxide 
absorption  canister  .t  nave  been  included  (Fig.  2).  In  order  to 
render  the  report  more  generally  useful,  a  glossary  of 
respiratory  term.s  is  appended  (Appendix  A) . 
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2.  PROCEDURES 


2 . 1  General 

To  collect  the  necessary  information  the  following 
were  undertaken:  (a)  ^  limited  search  of  the  literature 
w^s  completed >  (b)  An  informative  abstract  was  made  of  each 
article  or  report  which  contained  data  germane  to  the  problem, 
and  (c)  Computations  were  made  to  produce  the  graphs  and 
table. 

2.2  Carbon  dioxide  productic. 

Measurements  of  carbon  dioxide  production  during  under¬ 
water  swimming  in  pen  water  have  not  been  reported. 

Several  stvidies  of  oxygen  consumption  are  available  (ref.  1, 

2,  3).  VTnile  there  is  some  variance  among  the  values 
reported  by  these  investigators,  they  are  generally  of  thi 
same  order  of  magnitude.  Since  the  study  of  Dwyer  and 
Lanphier  (3)  is  the  most  complete  and  carefully  controlled 
it  was  decided  to  rely  principally  on  their  data.  In  order 
to  extrapolate  carbon  dioxide  output  from  oxygen  consumption 
it  was  first  necessary  to  assume  a  realisric  respiratory 
quotient  (RQ)*. 

.  Silverman,  et  al  (4)  have  reported  RQ  at  various  oxy'gen 
consumption  (work)  rates.  The  oxygen  consumption  rates 
during  underwater  swimming  reported  by  Dwyer  and  Lanphier 
were  tabulated  and  multiplied  by  an  RQ  reported  by  Silverman 
at  a  similar  rate  of  oxygen  consumption  ^Table  1).  This 
figure  was  divided  by  1000  to  determine  the  rate  of  CO2 
production  in  cc/min.  Since  Dwyer  and  Lanphier  reportec 
their  values  at  STPD  it  was  possible  to  change  cc/min.  to 
gm/min.  by  employing  the  density  of  carbon  dioxide.  At 
STPD  1  liter  of  carbon  dioxide  weighs  ,1.9768  gm.  Therefore: 


CO2  production  (cc/min.) 


1000  X  1.97  68  =  CO2  prod.  (gm./m.i~ 

The  values  in  tAble  1  and  figure  3  were  arrived  at  by  slide 
rule  computation  using  a  value  of  1.97  5  for  the  density  of  CO.^. 


(Terms  marked  with  an  asterisk(*)  are  defined  in  the 
glossary  (Appendix  A) . 
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2 . 3  Construction  of  flow  curves 

The  construction  of  these  curves  (figure  4)  was,  consider¬ 
ably  more  complicated.  None  of  this  data  was  available  for 
underwater  swimming  and  hence  had  to  be  extrapolated  from 
ether  sources.  In  order  to  construct  these  curves  the  following 
data  was  needed:  Respiratory  Minute  Volume  (RMV)*,  Respir¬ 
ation  Rate*.  Flow*,  and  time  to  reach  maxitrtum  flow. 

2.3.1  The  RMV  during  underwater  swimming  has  been  reported 
(S,  6).  As  might  be  anticipated  there  is  considerable 
variation  among  individuals  both  at  he  same  and  at  different 
swimming  speeds.  In  these  same  studies  the  respiration  rate 
was  also  recorded  but  the  oxygen  consumption  was  not.  It 
was  therefore  decided  to  extrapolate  the  RMV  from  the  oxygen 
consumption  rate  using  data  contained  in  the  Handbook  of 
Respiratory  Data  on  Viation  (7).  An  examination  of  Table  1 
will  show  that  approximately  40%  of  the  values  for  RMV  are* 
batv/een  20  to  2  5  liters  inclusive.  They  do,  however,  reach 
values  as  high  as  66  liters.  While  there  is  a  tendency  for 
the  RMV  to  rise  with  increased  swimming  speeds  the  relation¬ 
ship  is  by  no  means  constant.  Following  an  examination  of 
all  of  the  data  available,  it  was  concluded  that  to  assume 

an  RMV  below  20  liters,  while  sv;imming,  was  not  realistic. 

It  vjas  also  concluded  that  the  situation  usually  encountered 
in  swimmir.r  et  speeds  between  0.7  and  1.0  knot  could  be 
u;.  sci  ibed  by  assuming  RMV '  s  of  25,  25  and  35  liters.  It 
is  recognized  that  the  value  of  35  liters  does  not  nearly 
•itproach  the  maximum  value  which  could  be  attained.  Shepard 
(6,  9)  has  reported  maximum  breathing  capacities*  for 
young  men  as  high  as  177  liters. 

2.3.2  All  of  the  data  available  (3,  5,  6)  indicated  that 

the  respiration  rate  tended  to  increase  with  increasing  swimm¬ 
ing  speed  but  was  highly  variable.  Dv^er  and  Lanphier 
reported  that  the  lowest  average  rate  was  9/min.  and  the 
highest  observed  was  39/min.  At  swimming  speeds  between  0.7 
to  1.0  kt.  the  majority  of  rates  varied  between  10  and  25 
per  rain.  For  the  purposes  of  constructing  the  flow  curves 
it  was  therefore  decided  to  assume  three  different  respiration 
races  10,  15,  and  25  per  minute. 

2.3.3  In  order  to  arrive  at  a  realistic  Tidal  Volume  the  mean, 
h^’ln  and  low  values  for  RMV  at  swimming  speeds  between  0.7 

and  1.0  kt.  (Table  1)  were  divided  by  10  and  25.  The  results 
Indicated  that  the  Tidal  Volume  varied  between  1  and  5.5 
liters.  In  order  to  arrive  at  an  "average"  value,  the  mean, 
median  and  mode  of  these  values  was  calculated  and  found  to 
be  2.31,  2.20  and  1.98  liters  respectively.  An  examination 
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of  the  data  in  refer.. ices  5  and  C  inc'icatod  that  a  tidal 
volume  of  approximately  2  liters  ocuid  ;:icst  commonly  be 
expected.  In  view  of  xhe  great  ion  in  respiration 

rate  it  was  decided  that  more  real ii-. tic  data  could  be  obtained 
by  assuming  the  respiratory  patter,,  of  swimmers  could  be 
described  best  by  assuming  three  tyj  os:  .fast  shallow 
breathers,  slow  deep  breathers  a.nd  an  "average"  between  the 
two.  For  the  purpose  of  constructing;  the  flow  curves,  the 
.following  patterns  were  chosen  (a)  J'espiration  Rate  25/min.  , 
Tidal  Volume  1  liter,  (b)  Resp.  rate  ib/min..  Tidal  Volume 

3.5  liters  and  (c)  Resp.  rate  13/min. ,  Tidal  Volume  2  liters. 

2.3.4  The  remainder  of  the  data  required  to  construct  the 
flow  curves  was  derived  from  the  'work  of  Cain  and  Otis  (10). 
This  was  done  because  it  was  the  only  study  available  which 
reported  the  effects  resulting  from  very  high  resistance 
in  respiration.  Experience  at  this  activity  (5,  6,  11,  12, 

13)  has  demonstrated  that  breath  ng  r.-isistance  in  all  types 
of  scuba  is  quite  hign,  especially  at  depth.  Tests  using  a 
mechanical  respirator  in  a  recompre.ssion  chamber  indicate 
that  the  usually  encountered  resitance  to  respiration  is 
between  8  and  12  cm  Ho  0/liter/ sec.  a;;  130  feet.  Cain  and  ^ 

Otis  studied  the  respiratory  patterns  of  five  resting  subjects 
breathing  against  resistances  of  7,  14,4  and  37.5  cm 
H«0/lit  r/sec.  They  found:  (a)  The  total  time  of  each  phase 
of  respiration  was  increased,  (b)  Maximum  rate  of  flow  was 
decreased,  (c)  Time  required  to  reach  meximum.  flow  rate 
decreases,  (d)  Mean  rate  of  air  flow  decreases,  (e)  Peak 
inspiratory  and  expiratory  pressures  increase,  and  (f)  That 
the  respiratory  pattern  becomes  more  lactangular ,  especially 
during  the  expiratory  half-cycle. 

2.3.5  Using  the  data  described  shove. ,  it  was  decided  to 
assume  that  the  time  durations  of  the ^inspiratory  and 
0j{pir^'tory  cycles  were  39%  and  61%  ox  the  total  respiratory 
cycle,  respectively. 

2.3.6  The  data  of  Cain  and  Otis  also  indicated  that  the 
maximum  flow  rate  was  reached  in  about  27.3%  of  the  time 
duration  of  the  cycle  on  inspiration  and  in  about  23.2%  of 
the  time  duration  on  expiration. 

2.3.7  It  is  generally  accepted  Dy  physiologists  that  there 
is  a  relationship  between  RKV  ana  ir.aximum  rate  of  flow.  It 
is  recognized  that  in  order  for  this  to  no  true  one  must 
assume  a  regular  and  constant  breatmng  pattern.  Since  the 
RMV  was  the  only  piece  of  data  avai.lable  it  was  decided  to^ 
arrive  at  the  maximum  rate  of  flow  found  in  the  data  of  Cain 
and  Otis.  This  was: 
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Max.  flow  rate 
RMy 


equals,  Inspiration  3.53, 
Expiration  2.59 


2.3.8 

have 

Putting  all  of  the  foregoing 
the  following: 

information  together,  we 

Rapid  Slow 

--n 

a 

TYPE 

OF  RESPIRATORY^PATTERN 

Average 

Shallow 

Deep 

4 

A 

Total 

time  of  cycle  (min) 

0.077 

0.01 

C.l 

Time 

of  Inspiratory  cycle 

0.030 

0.016 

0.039 

Time 

of  expiratory  cycle 

0.047 

0.0244 

0.061 

Time 

to  reach  maximum  flow 

0.0082 

0.00246 

0.01065 

Max . 

rate  of  flow  (L./min. )inspir . 

92.0 

88.2 

12  3. ‘O 

’  ■; 

Max. 

rate  of  flow  (L. /min. )expir. 

67.5 

64.7 

90.6 

r 

Tidal 

Volume  (liters) 

2.0 

1.0 

3.5 

'  1 

2.3.9  The  air  flow  curves  (figure  4)  were  then  constructed 
using  the  above  values.  A  right  triangle  was  first  con¬ 
structed  the  height  of  which  represented  the  maximum  rate 
of  low  and  the  base  of  which  represented  the  time  to  reach 
maximum  flow.  Next  a  rectangle  was  constructed  adjacent  to 
the  traingle  the  height  of  which  was  within  10%  of  the 
maximum  flow  rate  and  the  base  of  which  was  50%  of  the  cycle. 
Others  (4,  10)  have  reported  that,  on  inspiration,  the 
flow  was  maintained  within  10%  of  the  maximum  for  approximately 
50%  of  the  time  and  then  shows  a  steady  decline  to  zero.  The 
areas  of  the  triangle  and  rectangle  w^re  then  calculated  and 
subtracted  from  the  tidal  volume.  A  second  triangle  was 
next  constructed  adjacent  to  the  rectangle,  the  base  of  which 
represented  the  remainder  of  the  cycle  and  the  weight  of 
which  was  adjusted  so  that  the  area  of  this  triangle  was 
equal  to  the  remainder  of  the  tidal  volume.  The  smoothest 
possible  curve  was  then  drawn  above  the  resulting  trapezoid. 

The  area  under  the  curve  was  checked  by  means  of  a  planimeter 
and  adjusted  until  it  equaled  the  area  equivalent  of  the 
tidal  volume.  In  conducting  the  latter  maneuver  it  was  found 
necessary  to  adjust  some  of  the  values  listed  above. 
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RESULTS  AND  DISCUSSION 


Total  iQC'td  of  carbon  dioxide 

The  stuG.w-3  o  Dwyer  and  I.anphier  (3)  indicated  that 
exp  rienced  swimmera  could  probably  maintain  a  speed  of  ^ 

C.85  kt.  foi'  a  considerable  period  of  time.  Employing 
the  data  from  the  above  study,  one  concludes  that  in  a 
180  minute  pe?'icd  a  swimmer  might  produce  between  340  and 
570  gm  of  carbon  dioxide.  It  is  believed  prudent  to  allow 
some  margin  for  safety  and  to  provide  additional  capacity 
for  sudden  bursts  of  swimming  speed.  The  ideal  canister 
should  be  capable  of  absorbing  800  gm  of  carbon  dioxide. 

One  which  could  absorb  700  gm  would  be  considered  acceptable 
and  a  canister  which  would  absorb  600  gm  would  be  the  . 
minimum  acceptable. 

3 . 2  Mean  and  peak  rates  of  carbon  dioxide  output 

It  has  been  found  (3)  that  swimmers  experience  consider¬ 
able  difficulty  maintaining  speeds  slower  than  0.7  kt. 

Since  about  0.35  kt.  is  a  comfortable  speed  the  mean  rate 
of  carbon  dioxide  production  which  can  be  anticipated  is 
about  2.5  gm  per  minute.  It  is  also  reasonably  certain  that 
men  can  mnintai:;  swinraing  speeds  as  high  as  1.2  kt.  for  periods 
of  ten  minutes.  Therefore,  peak  production  rates  as  high 
as  6  gm  per  miniite  can  be  expected.  Since  men  in  good  con¬ 
dition  can  malr.tain  an  oxygen  consumption  rate  of  3500  cc/min. 
for  short  periols  of  time,  peak  rates  of  carbon  dioxide  out¬ 
put  as  high  as  7  gm/min.  are  possible.  Near  the  exhaustion 
period,  can:  s  lose  their  ability  to  handle  peak _  loads  _ 

of  carbon  dioxide.  Since  this  is  the^case,  the  design  criteria 
are  believed  best  expressed  in  terms  of  handling  appeak  load 
near  the  exhaustion  period,  i.e. ,  the  most  difficult  condi¬ 
tion.  These  opinions  will  be  developed  in  subsequent  sections. 

3 . 3  Percent ap?  of  carbon  dioxide  entering  canister 

Due  to  the  nature  of  respiratory  mechanics  and  the  in¬ 
finite  variations  in  breathing  patterns  and  carbon  dioxide 
output,  the  percentage  of  carbon  dioxide  in  the  gas  entering 
the  canister  covers  a  wide  range.  There  is  little  if  any 
carbon  dioxiuc  ir  chc  dead  space  air  (the  first  part  of  the 
exhalation),  most  of  the  carbon  dioxide  being  contained  in 
the  alveolar  t.Lv  (th‘:i  last  part  of  the  exhalation). 

Under  ordinary  .conditions  the  percentage  of  carbon  dioxide 
in  the  gas  entering  the  canister  would  vary  from  0  to  5.5%. 
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It  could  vary  from  0  to  8%.  For.  the  pu  poses  of 
design,  however,  it  is  believed  acceptc.o].e  to  a&s:itp“  c.-.at 
the  gas,  is  mixed  and  that  the  carbon  dioxide  is  ron.f  .viial 
evenly  distributed.  In  this  case,  the  p.ercen  age  of  ai  bon 
dioxide  in  the  gas  entering  the  canister  would  vary  :rciTi 
4  to  5%,  (Table  1).  The  effect  of  depth  on  this  va.ljc  is 
discussed  in  a  subsequent  section. 

3.4  Rate  of  gas  flow  through  canister 

From  an  examination  of  figure  4,  it  will  be  noted  chat 
peak  velocities  of  approximately  120  liters  per  minute  can 
be  anticipated  during  inhalation  with  peak  velocities  of 
approximately  88  L/min.  occuring  during  exhalation.  Under 
unusual  circumstances  such  as  physical  <i,,^rtion  coirihii.td  with 
Tapid  deep  breathing,  peak  velocities  in  the  range  of 
200  L/min.  could  occur.  Cain  and  Otis  (10)  found  that  the 
ratio  of  mean  rate  of  flow  to  maximum  I'ate  of  flow  waS  appro:!- 
mately  1:1.4  on  inspiration  and  1:1.6  on  expiration.  Con¬ 
sidering  the  foregoing  statements  then,  in  the  design  of  a 
canister  one  should  anticipate  mean  air  flows  of  55  l./mln. 
with  peak  flows  as  high  as  200  L/min. 

3 . 5  Percentage  reduction  in  carbon  dioxide  content  of  gas 
mixture  passing  through  canister 

This  is  a  quite  critical  value  due  to  the  role  cf  career, 
dioxide  in  precipitating  oxygen  convulsions.  Certainly  the 
ideal  situation  would  be  for  the  canister  to  remove  all  of 
the  carbon  dioxide  at  peak  rates  of  production  and  air  flew. 

To  expect  this  may  be  unrealistic.  The' exact  amount  or 
carbon  dioxide  men  can  tolerate  together  with  various  o::ygen 
tnesions  in  excess  on  one  atmosphere  has  not  been  esrabliihed . 

A  number  of  workers  have  established  -^hat  increasijig  the  carbon 
dioxide  content  of  an  oxygen  rich  respiratory  mixture  under 
increased  atmospheric  pressure  by  even  a  small  amount  will 
precipitate  a  convulsion  in  an  otherwise  "safe"  condition.  It 
has  also  been  found  that  oxygen  convulsions  are  more  likely 
to  occur  when  men  are  breathing  nitrogen-oxygen  mixtures  than 
would  be  expected  on  the  basis  of  the  oxygen  tension  alone  (  j.  2 ) . 
From  a  practical  standpoint  one  must  also  realize  that  e 
swimmer  would  lose  his  life  in  the  event  of  an  oxyger'  con¬ 
vulsion  occurred  at  any  appreciable  depth.  In  view  cf  the 
foregoing  one  cannot  gainsay  the  position  that  the  carbon  dio¬ 
xide  content  of  the  breathing  mixture  must  be  kept  as  xcv’  as 
possible.  An  ideal  value  is  considered  to  be  of  the  order  of 
0.3%  effective.  It  is  believed  that  the  value  of  1.52 
effective  cannot  be  exceeded  without  encountering  considerable 
risk  of  oxygen  convulsions.  Rickert  (13)  in  the  test  of  one 
semi-closed  circuit  scub.a  reported  that  the  CO2  concentrations 
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in  the  breathing  bag  never  exceeded  1.5%  and  the  majority  were 
below  0.5%.  It  would  appear  then  that  the  values ^listed  above  ‘ 

were  capable  of  being  attained.  ^ 

3.6  The  effect  of  depth 

The  increased  atmospheric  pressures  -encountered  at  depth 
produce  a  series  of  related  changes  which  increase  the 
demands  placed  upon  the  performance  of  the  canister  and  may  or 
may  not  enhance  it's  performance.  First,  the  molecular  con¬ 
centration  of  carbon  dioxide  in  the  mixture  entering  the  canister 
is  markedly  reduced.  Second,  the  amount  of  COo  present  exerts 
a  greater  partial  pressure.  This  means  that  the  aniount  of 
CO2  mixture  leaving  the  canister  produces  a  proportion¬ 

ally  (greater)  physiological  effect.  This  picture  can  best  be 
explained  by  an  example.  i 

3.6.1  Let  us  assume  that  a  man  is  swimming  at  a  depth  of 

165  feet  (6  at.  abs.)  at  a  rate  of  0.85  kt.,  producing  CO2  | 

at  a  rate  of  1260  cc/min.  with  an  RMV  of  35  liters.  A  volume  j 

of  35  L  at  165  ft  would  be  210  L.  (35  x  6)  at  the  surface.  i 

Since  the  CO2  in  the  mixture  entering  the  canister  would  be 
0.6%.  However,  since  the  pressure  at  this  depth  is  6  at. 
the  effective  percentage  is  3.6%  (0.6x6).  Let  us  now  assume 
that  the  canister  removed  two-thirds  of  the  CO2  from  the  mix-  I 

t’.ire  passing  through  it.  The  resulting  percentage  of  CO2  i 

in  the  gas  leaving  the  canistei'  would  be  0.2%.  The  effective  | 

percentage  of  the  CO2,  since  the  swimmer  is  at  165  ft.,  would  I 

be  1.2%  (0.2  x  6).  i 

^  I 

3.6.2  Since  it  is  not  established  that  the  increased  partial  | 

pressure  of  COj  at  depth  speeds  up  the  chemical  reaction  in  J 

the  canister,  T.he  safest  assumption  that  it  will  not.  A  t 

canister  for  use  with  mixed  gas  scuba  must  then  be  expected  | 

to  react  with  gas  mixtures  containing  small  molecular  con-  \ 

centration  of  CO2 .  ! 

3 . 7  Tolerable  respiratory  resistance 

Semi-closed  circuit  scuba  apparatus  is  now  available  with 
respiratory  resistances  varying  from  6.5  to  11.5  cm.  H20/L/sec. 

(11,  13,  14).  An  examination  of  all  of  the  evaluation  reports 
available  at  this  activi'^y  leads  one  to  the  conclusion  that 
scuba  divers  will  accept  respiratory  resistances  up  to  10  cm. 
HjO/L./sec.  without  complaint.  It  is  believed,  however,  that 
the  canister  should  not  contribute  more  than  one-third  of  the 
resistance  of  the  entire  circuit.  It  must  also  be  remembered 
that  since  the  breathing  mixture  increases  in  density  with 
depth,  the  resistance  to  respiration  will  also  increase. 
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Marshall  et  al  (1? ;  reported  thot  the  resistance  to  respir¬ 
ation  at  99  ft.  g'inge  was  anpr  .-x.Lmate] y  two  times  that  found 
at  the  surface.  A*;  180  feet,  ihen,  the  resistance  can  be 
anticipated  to  be  3  to  4  turner,  that  found  at  atmospheric 
pressure.  Thus,  o  value  of  f.  em.  ri„C/L/sec  at  the  surface 
would  be  between  l.S  and  20  at  i:sO  frst.  It  appears  then 
that  the  ideal  canister  should  hove  resistance  of  no  more  than 
0.5cm.  H20/L/sec.  at  atmospheric  pressure  and  that  a  resistance 
of  1.5  cm,  would  be  the  mr.ximum  allowable.  This 

requirements  is  not  unrealistic  in  view  of  the  data  reported 
by  Leyden  (16)  who  found  resistances  of  0.25  to  1  cm.  H20/L./sec^ 
in  three  typres  of  canisters,  when  tested  at  atmospheric 
pressure.  The  same  report  indicates  that  the  resistance  is 
increased  between  3.5  and  6  times  at  130  feet  as  comp  red  with 
the  surface.  In  developing  oxygen  breathing  equipment  for  use 
in  aviation  (18),  it  has  been  found  desirable  to  have  a  linear 
relationship  between  the  amount  of  pressure  required  and  the 
airflow.  One  reason  for  this  is  immediately  apparent.  If 
the  canister  had  a  sudden  peak  in  the  "pressure-flow”  curve, 

(fig.  5)  the  swimmer  might  have  the  uncomfortable  experience 
of  being  suddenly  blocked  in  the.  midst  of  a  maximum  exhalation. 
Just  as  if  you  wer-e  exhaling  through  a  tube  and  someone  suddenly 
occluded  it. 

3 . 8  Effect  of  inter  and  intra-granular  space 

Adrian!  and  Rovenstime  (17;  . cpoitcd  that  the  more 
exactly  the  tidal  volume  was  accomodated  by  the  inter-granular 
space  in  the  canister  the  bettor  tte  carbon  dioxide  absorption. 
This  was  especially  true  of  the  pendulum  type  of  canister. 

Since  the  tidal  volume  varies  so  widely  in  underwater  swimming 
it  is  impossibDe  to  even  remotely  iclate  the  tidal  volume  to 
the  inter-granular  space.  It  is  desirable,  however,  that  the 
canister  be  able  to  accomodate  one  complete  exhalation.  This 
would  facilitate  CO2  absorption  and  prevent  "blow  through". 

The  maximum  exhalation  would  approximately  4.5  liters  which 
is  the  usually  encountered  vital  capacity*  in  healthy  young  men. 

3 . 9  Effect  of  canister  shape  and  placement 

A  report  on  tliis  canister  design  criteria  would  not  be  cem 
complete  without  a  consideration  of  these  two  factors. 

3.9.1  The  shape  of  the  canister  seems  to  have  considerable 
effect  on  the  resulting  resistance  tc  air  flows.  Leyden  (1-) 
studied  the  breathing  resistance  in  tnree  different  types  c: 
canisters:  cylindrical,  radial  and  rectangular.  The  radial 
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canister  appeared  to  offer  the  least  resistance.  The  re  - 
tangular  canister  produced  a  breathing  resistance  which  v.- 
between  the  other  two.  The  values  were  of  the  following 
order  of  magnitude  at  130  ft:  radial  1.5  cm.  H20/L/sec., 
:^rectangular  4.0  cm.  H20/L/sec.»  cylindrical  3.25  cm.  H20/L./sec. 

3.9.2  A  canister  can  be  placed  in  the  scuba  circuit  in  c.'.e 
of  three  ways,  Jtnown  as  pendulum,  near  circle  and  split-Lag 
(fig.  1).  On  first  thought,  it  might  appear  that  the  pen¬ 
dulum  type  of  canister  would  offer  many  advantages.  The 
principal  one  being  that  the  respiratory  mixture  would  pass 
over  the  absorbent  twice  and  thus  produce  more  efficient 
absorption  of  CO2.  It  must  be  remembered,  however,  that 
the  size  of  this  canister  is  quite  critical.  For  efficient 
operation,  it  should  exactly  accomodate  the  tidal  volume. 

Since  the  tidal  volume  appears  to  vary  so  widely  in  underwater 
swimming  this  is  almost  impossible.  If  the  canister  is  too 
small,  it  will  be  rapidly  exhausted;  if  too  large,  it  constitutes 
added  dead  space.  It  is  probable  that  this  canister  would 
first  be  exhausted  at  either  end.  As  a  portion  of  the  canister 
became  exhausted,  it  would  constitute  dead  space.  In  design¬ 
ing  a  pendulum  canister,  one  would  need  to  consider  both 
inspiratory  and  expiratory  air  flo'  s.  Since  the  inspiratory 

air  flows  appear  to  be  much  greate:  (fig.  2),  the  resistunce 
in  the  canister  would  need  to  be  Icwer.  In  summary,  while  the 
pendulum  canister  might  be  of  considerable  value  in  anesthesia, 
where  conditions  are  fairly  constant,  it  seems  to  offer  little 
to  underwater  swimming. 

3.9.3  The  near-circle  canister  cycle  has  several  advantages 
over  the  pendulum  canister.  The  inter  and  intra-granular 
space  need  not  be  matched  so  exactly  with  the  tidal  volume  so 
long  as  it  is  of  sufficient  size  and  of  such  a  shape  as  to 
prevent  "blow  through".  In  this  anister  one  needs  only  to 
consider  the  expiratory  cycle.  Since  expiration  is  prolonged 
the  air  flows  are  not  as  great  and  hence  the  I'esistance  will 
not  become  intolerable  at  peak  flows.  The  disadvantage  of  the 
circle  type  of  canister  is  that  the  gas  mixture  passes  through 
it  only  once  and  then  at  fairly  high  speeds. 

3.9  4  On  a  theoretical  basis  the  split-bag  type  of  canister 
appears  to  offer  some  advantages  which  merit  discussion  and 
consideration.  In  this  case,  the  exhaled  gas  would  be  mixed 
and  a  fairly  uniform  percentage  of  CO2  would  be  found  in  the 
mixture  entering  the  canister.  Since  the  swimmer  would  be 
exhaling  into  the  bag,  the  resistance  in  the  canister  itself 
would  also  be  fairly  uniform  and  slower,  allowing  more  time 
for  the  CO2  to  react  with  the  absorbent.  It  is  recognized 
that  some  practical  difficulties  might  be  encountered  in  placing 
the  canister  in  the  circuit  in  this  fashion.  The  merits  of  the 
split-bag  type  of  canister  can  only  be  evaluated  by  further 
testing . 


4.  CONCLUSIONS  AND  RECOMMENDATIONS 
** •  ^  C1‘  SiiUerationr; 

In  for’^uj  Jting  the  design  criteria  for  a  COo  absorption 
canister  for  use  in  scuba,  the  factors  listed  below  were 
considered. 

4.1.1  The  canister  was  to  have  a  duration  of  180  min.  at  * 

30  feet  and  .lO  min.  at  180  ft. 

4.1.2  The  mean  rate  of  CO2  production  would  be  2.5  gm./min. 
with  peak  rates  of  production  of  6  gm./min.  being  probable. 

4.1.3  The  percentage  of  CO2  in  the  gas  entering  the  canister 
would  be  ab(3ut  4%  at  mean  rates  of  production  and  about  5% 

at  peak  rates  of  production. 

4.1.4  The  mean  air  flow  rate  through  the  canister  would  be 
about  55  L/min.  (Approx.  2  CFM) .  Peak  air  flow  rates  as 
high  as  2CC  L/.nin.  (7  CFM)  can  be  anticipated. 

4.1.5  Due  TO  the  role  of  CO2  in  precipitating  oxygen  convulsions, 
the  canister  should  be  as  effective  as  possible  in  removing 

CO2  from  the  exhaled  gas. 

4.1.6  Due  to  the  increased  density  of  gases  at  depth,  the 
molecular  C'-nzentiation  of  CO2  in  the  exhaled  gas  would  be 
relatively  lou’. 

4.1.7  It  appears  that  swimmers  will  accept  breathing  resis¬ 
tances  of  1C  cm.  It  is  concluded  that  the  canister 

should  contr-■b•.;^c  no  more  than  one  third  of  the  entire 
resistance.  From  data  available,  it  is^also  concluded  that  the 
resistance  ax  180  ft.  would  be  from  3-4  times  as  great  as  on 
the  surface  due  to  the  increased  density  of  the  exhaled  gas. 

4.1.8  To  facilitate  absorption  of  the  CO2  and  to  prevent 
"blow  threufrh'' ,  the  inter-granular  space  should  be  nearly  equ.il 
to  the  vital  capacity. 

4.1.9  The  canister  should  have  certain  mechanical  features 
which  enhance  its  safety  and  convenience  in  use. 

4 . 2  Canister  de.sigr.  criteria 

Belov:  are  listed  the  design  criteria.  Since  the  ideal 
may  not  be  achievable,  two  alternate  values  are  given  in  each  case. 
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4.2.1  Total  carbon  dioxide  absorptic:.  capacity; 

(a)  Ideal  800  gm. 

(b)  Acceptable  700  gm. 

(c)  Minimum  600  gm. 

4.2.2  Allowable  percentage,  of  carbon  dioxide  in  th':  gas 
leaving  the  canister  under  usual  conditions,  i.e.  production 
rate  2.5  gm./min.,  mean  air  flow  55  L/min.  ,  peak  aii'  flow 

90  L/min. 


(a)  Ideal  1.0%  effective 

(b)  Acceptable  1.3%  effective 

(c)  Maximum  1.5%  effective 

4.2.3  Allowable  percentage  of  carbon  dioxide  in  the  gas 
leaving  the  canister  under  severe  conoitions,  i.e.  production 
rate  6  gm./min.  ,  mean  air  flow  125  L/min.  ,  peak  air  .flow 
200  L/nin. 


(a)  Ideal  1.0%  effective 

(b)  Acceptable  1.3%  effective 

(c)  Maximum  1.5%  effective 

4.2.4  Breathing  resistance  is  to  conform  to  the  values  listed 
below  and  to  be  linear  (fig.  5). 

(a)  Ideal  0.5  cm.  H^O/L/sec.  (0.1  in.H2C/C"M) 

(b)  Acceptable  0.1  cm.  H^O/L/sec.  (0.2  in.lKO/CFM) 

(c)  Maximum  1.5  cm.H20/L/sec.  (0.3  in.}l2  0/C.rM) 

✓ 

4.2.5  The  following  mechanical  features  were  largely  obtained 
from  Submarine  Medicine  Practice  (19).  The  canister  “a'jv\)d: 

(a)  Utilize  a  non-caustic  absorbent. 

(b)  Utilize  an  absorbent  which  is  easily  packaged, 
transported  and  readily  obtainable. 

(c)  Be  constructed  so  as  to  prevent  the  collection 
of  leakage,  saliva  or  condensate. 

(d)  Be  readily  opened. 

(e)  Be  easy  to  fill  without  excessive  r-hakine. 

(f)  Keep  the  absorbent  fror.  settling  and  channeling. 

(g)  Be  of  such  size  and  shape  as  to  orevent  "blow 
through" . 

(h)  Be  easy  to  seal,  with  minimum  likelihood  of 
leakage. 

(i)  Ee  easy  to  empty  and  clean. 
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4 , 3  Tests  and  specifications 

This  section  describes  a  procedure  by  wh  ch  any  canister 
can  be  tested  to  determine  whether  or  not  it  meets  the 
criteria  set  forth  in  this  report.  It  is  recognized  that 
these  tests  neglect  the  fact  that  under  operational  conditions 
the  gas  will  be  fully  saturated  withj^ater  vapor  and  will  be 
at  body  temperature.  It  is  believed, ^however ,  that  experience 
will  prove  that  these  factors  can  be  neglected  in  bench  tests. 

4.3.1  First  inspect  the  canister  and  determine  how  nearly  it 
conforms  to  the  criteria  in  article  4.2.6  above. 


4.3.2  Next,  fill  and  empty  the  canister.  Weigh  the  absorbent 
and  calculate  the  number  of  grams  of  CO2  with  which  it  will 
combine.  If  possible,  use  actual  test  rather  than  theoretical 
values.  For  example,  McConnaughy  found  that  there  was  a 
considerable  difference  between  the  theoretical  and  actual 
performance  of  Baralyme.  One  pound  of  Baralyme  should  absorb 
1/2  lb.  of  CO,,  but  ”in  actual  tests  it  was  found  that  would 
only  absorb  about  0.2  lb.  If  the  amount  of  absorbent  in  the 
canister  will  not  abosrb  600  gm.  of  CO2,  the  canister  is 
unacceptable . 


logical  step  is  to  check  the  canister  for 
breathing  resistance.  For  this  one  needs  a  dry  gas  meter  an 
water  manometer.  Attach  a  source  of  compressed  air  to  the 
inlet  of  the  gas  meter.  Attach  the  outlet  of  the  meter  and 
the  canister  and  arrange  a  water  manometer  between  the  meter 


and  the  canister  inlet.  Pass  air  through  the  canister  at 
flow  r^tes  from  20  to  170  L/min.  (1  to  60  CFM)  and  plot  the 
pressure  developed  on  graph  paper  (fig.  5).  If  the  pressure 
developed  exceeds  1.5  cm.  H20/L/min.  U) . 3  in.  K2O/CFM)  or  ic 
the  relationships  between  the  pressure  and  flow  rate  is  not 
linear  the  canister  is  unacceptable. 


U 


4.3.4  The  next  series  of  tes^s  is  designed  to  determine  the 
performance  of  the  canister  under  the  conditions  which  will 
be  imposed  on  it  during  actual  use.  For  these  tests  the 
following  material  will  be  required:  (1)  A  gas  mixture 
containing  10%  COo  in  either  air  or  oxygen,  (2)  A  large 
spirometer,  and  (3)  A  mechanical  respirator  which  produces 
a  sinuous  breathing  pattern  and  in  which  the  tidal  volume 
and  respi  atory  rate  can  be  varied.  It  is  recognized  that 
these  tests  will  require  quite  large  amounts  of  COo  mixtures  and 
to  do  them  in  sequence  would  be  almost  impossible.  It  is 
believed  that  the  tests  should  and  can  be  accomplished  in  one 
working  day.  These  tests  must  be  done  on  the  same  canister 
without  refilling  or  disturbing  the  absorbent. 
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(a)  The  step  ic  ^xiiautt  the  canister  to  one-half 

to  two-thirds  of  itc  capacity.  Using  the  respiratory 
set  at  Vidal  voJunt;  of  2  L.  and  rate  of  20/min.  ,  pass 
2500  liters  of  lO'!-  0:1;  thr-ouRh  the  canister. 

(b)  Set  the  x’espirator  f.t  a  tidal  volume  of  2  L.  and  the 

rate  at  15/min.  ana  pass  .100  L.  of  2%  CO2  through  the 
canister.  Collect  a  10  L.  sample  at  the  end  of 

the  test  and  analy;:e  It  for  002*  If  the  COj  content 

exceeds  0.25%  the  canister  is  unacceptable. 

(c)  Using  the  same  settiTir,3  on  the  respirator,  pass 
100  L.  of  0.5%  CO2  tl'.rough  the  canister.  Collect 
a  10  L.  sample  at  the  end  of  the  test  and  analyze. 

If  the  COo  content  exceeds  0.25%  the  canister  is 
unaccepraBle. 

(d)  Set  the  respirator  at  a  tidal  volume  of  3  L.  and  the 

rate  at  25/min.  Pass  ICO  L.  of  2.5%  COj  through  the 

canister  and  collect  a  1C  L.  sample  at  the  end  of 

the  test.  If  the  CO^  content  exceeds  0.75%  the  canister 
is  unacceptable. 

(e)  Using  the  same  settings,  pass  100  L.  of  1%  CO,-  through 
the  canister.  Collect  a  10  L.  sample  at  the  end  of 
the  test  and  analyze.  If  the  CO2  content  exceeds  0.25% 
the  canister  is  unacceptable, 

4.3.5  To  determine  the  tendency  of  the  canister  toleak, 
remove  the  absorbent,  secure  rh^-  in'.et  and  outlet  with  stoppers 
and  submerge  the  canister  in  v/atcr  for  a- period  of  1  hour. 

At  the  end  of  this  period  empt:'  the  water,  if  any,  from  the 
canister  and  measure  it.  A  lca.':c,g3  rate  of  10  cc.  per  hour 
will  be  tolerated. 

4.3.6  Next,  fill  the  canister  with  absorbent.  Secure  one  end 
and  fill  the  canister  with  water.  Eiepty  the  water  from  the 
canister  and  measure  it.  If  the  volume  is  less  than  3.5  liters 
the  canist  r  is  unacceptable. 

4.4  Recommendations 


The  following  action  is  recomj:iended : 


(a) 


That  the  criteria,  tesv.'^  and  specifications  be 
adopted  as  tentative  star.dards  for  CO2  absorbent 
canister's  for  use  in  close<r  or  semi-closed  circuit 
scuba. 


keprodueed  from 
best  available  copy. 


(b)  When  a  canister  is  available  which  meets  the  te 
and  specifications,  that  subjective  tests  be 
conducted  to  determine  whether  or  not  it  is 
completely  satisfactory. 

(o)  That  research  be  undertaken  to  determine  whethe 
or  no^ the  increased  partial  pressure  at  depth 
facilitates  the  reaction  between  CO2  and  the 
absorbent. 


TABLE  1.  r.EP.IVATION  OF  PRINCIPAL  DATA 


1 

Swim 
Speed 
(kts ) 


APPENDIX  A 


GLOSSARY 

BREATHING  RESISTANCE 

FLOW  CURVE 

MAXIMUM  BREATHING 
CAPACITY 

MAXIMUM  FLOW 

RESPIRATORY  RATE 
RESPIRATORY  CYCLE 

RESPIRATORY  MINUTE 
VOLUME  (RMV) 

RESPIRATORY  QUOTIENT 
(RQ) 

TIDAL  VOLUME 

VITAL  CAPACITY 


Expressed  in  centimeters  and  measured 
by  the  height  of  a  water  cclurn  at  a 
flow  of  one  liter  per  second. 

Curve  of  velocity  of  air  flow  in  relation 
to  time. 

The  maximum  volume  of  air  a  subject  is 
capable  of  moving  in  and  out  of  his 
lungs,  expressed  in  liters  per  minute. 

The  peak  rate  of  air  floW;  expressed  in 
liters  per  minute,  which  occurs  during 
either  the  inspiratory  cr  exinirstory 
cycle. 

Number  of  breaths  per  minute . 

One  complete  breath.  It  consists  of 
an  inspiratory  and  expiratory  cvcle. 

Volume  per  minute  of  air  moved  in  and 
out  of  the  lungs. 

✓ 

The  ratio  vol.  CD 2  expired 

vol.  0  2  (fcrii'imed 

Volume  of  air  inspired  or  expired 
during  a  single  respiration. 

A  term  used  to  indicate  the  maximum 
volume  (liters)  of  air  that  a  subject 
is  capable  of  exhaling  after  inilating 
the  lungs  to  their  maximum  caracity. 
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